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K-channel in which Pro475/Asp, a single-point mutation near the internal pore entrance, promotes 6- to 8-fold higher unitary
current. To assess the mechanism for this higher conductance, we measured Shaker-P475D single-channel current in a wide
range of symmetrical Kþ concentrations and voltages. Below 300 mM Kþ, the current-to-voltage relations (i-V) showed inward
rectification that disappeared at 1000 mM Kþ. Single-channel conductance reached a maximum of ~190 pS at saturating [Kþ],
a value 4- to 5-fold larger than that estimated for the native channel. Intracellular Mg2þ blocked this variant with ~100-fold higher
affinity. Near zero voltage, blockade was competitively antagonized by Kþ; however, at voltages >100 mV, it was enhanced
by Kþ. This result is consistent with a lock-in effect in a single-file diffusion regime of Mg2þ and Kþ along the pore.
Molecular-dynamics simulations revealed higher Kþ density in the pore, especially near the Asp-475 side chains, as in the
high-conductance MthK bacterial channel. The molecular dynamics also showed that Kþ ions bound distally can coexist
with other Kþ or Mg2þ in the cavity, supporting a lock-in mechanism. The maximal Kþ transport rate and higher occupancy
could be due to a decrease in the electrostatic energy profile for Kþ throughout the pore, reducing the energy wells and barriers
differentially by ~0.7 and ~2 kT, respectively.INTRODUCTIONDistinct K-channels are endowed with a highly Kþ-selective
pore that allows fluxes of 106–108 Kþ ions per second in
equivalent experimental conditions. The diversity in the
ion transport rate is congruent with the fact that K-channels
constitute one of the most diverse membrane protein fami-
lies (1). Potassium channels contain a highly conserved
signature sequence of seven amino acid residues that shape
the Kþ selectivity filter, the functional equivalent of the
enzyme’s active site (2,3). In spite of this, K-channels
have very distinct single-channel conductances. For
example, K-channels that have the same selectivity filter
sequence (TTVGYGD: Kv1.1–Kv1.8, Kv2.2, as well as
KcsA and KvAP bacterial channels), have single-channel
conductance ranging from 5 to 170 pS (4) (see Table S1
in the Supporting Material). The origin of such diverse
conductances is not resolved yet, but the sequence identity
suggests that Kþ translocation across the selectivity filter
is not the rate-limiting step in low-conductance K-channels.
In these channels, the slowest step would be Kþ transloca-
tion toward or away from the selectivity filter.
High-conductance Ca-gated K-channels (BK channels)
carry two conserved glutamate residues at the internal end
of S6 (residues 321 and 324 in mSlo1; Table S1), suggesting
an important role in large conductance. These residues,
which are not present in low-conductance K-channels,Submitted January 27, 2012, and accepted for publication August 1, 2012.
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0006-3495/12/09/1198/10 $2.00form two negatively charged rings at the internal pore
entrance. Charge neutralization of the rings reduced out-
ward currents by ~50%, with modest effects on the inward
currents, and significantly, but not dramatically, reduced
blockade by Mg2þ (5,6). These effects faded away at high
ionic strength, as would be predicted if the charged rings
only produce an electrostatic accumulation of permeant
and blocking ions in the vicinity of the internal mouth.
Similarly, addition of negatively charged residues to posi-
tion 108 in the KcsA channel, aligning with mSlo1’s
320 (Table S1), doubled the outward currents and had
minimal effects on the inward currents (7).
In contrast to BK channels, removal of either of the two
charged rings of MthK (residues 92 and 96 aligning with
mSlo1 320 and 324) reduced both inward and outward
currents (8). This bidirectional effect on the current may
not be accounted for by an electrostatic accumulation of
Kþ ions near the internal entrance of the native MthK
channel. Also in contrast to BK, charge neutralization
in the ring decreased the divalent affinity dramatically.
Therefore, the charged rings in the MthK channel may
sustain a cation-binding site in the pore that can increase
single-channel conductance and divalent affinity (8). In a
similar fashion, a single-point mutation (Pro475Asp) at
the internal entrance of the low-conductance Shaker
K-channel produces a large (6- to 8-fold) increase in inward
unitary currents (9). Shaker’s 475 aligns with 92 in MthK,
108 in KcsA, and 320 in mSlo1 (Table S1) (5,7,8), but in
contrast to the case with KcsA and mSlo1, the inwardhttp://dx.doi.org/10.1016/j.bpj.2012.08.015
High Ion Transport in a Shaker Single Point Mutant 1199current increment argues against an electrostatic Kþ accu-
mulation near the internal entrance and harmonizes with
the effect of residue 92 in MthK (8). Thus, we reasoned
that investigating why this Shaker variant has such a large
conductance might disclose common mechanisms for high
conductance in distantly related K-channels, and provide
a picture of how Kþ-conduction can occur with such dissim-
ilar rates.
Here we present single-channel recordings of Shaker-
P475D (P475D) obtained over a wide range of symmetrical
Kþ concentrations and voltages, and in the presence of
Mg2þ used as structural probe. The maximum conductance
at saturating Kþ is ~4- to 5-fold greater than that of the
Shaker wild-type (WT), revealing an increased maximal
rate of Kþ transport. Intracellular Mg2þ blocks P475D
with ~2 orders of magnitude greater affinity. Blockade
was intensified by high [Kþ] at positive voltages, suggesting
that Mg2þ and Kþ cohabit a pore narrow enough to sustain
single-file diffusion. Molecular-dynamics (MD) simulations
show that Asp-475 shapes two cation-binding sites and
increases pore occupancy by Kþ. They also showed that
Mg2þ coexists with a Kþ bound more distally, near the
Asp-475 side chain. This distal Kþ could lock Mg2þ exit
toward the cytosolic face. Eyring models that differentially
reduced the energy wells and barriers by ~0.7 and ~2 kT,
respectively, account for the mutant’s increased occupation
and conductance. Poisson-Boltzmann (PB) calculations
showed a decrease in the electrostatic energy throughout
the cavity, accounting in part for the lower-energy profile.MATERIALS AND METHODS
Expression and recordings of Shaker K-channels
Shaker-IR H4 P475D in pBlu-SKþwas a kind gift fromK. Swartz (National
Institute of Neurological Disorders and Stroke). For transcription, the
plasmidwas linearizedwithHindIII and incubatedwith the T7mMESSAGE
Machine kit (Applied Biosystems). cRNAwas resuspended in 10 ml water
and stored at 80C until use. Xenopus laevis oocytes were injected with
~1 ng of cRNA for single-channel recordings in an inside-out patch clamp
24–48 hr later (10).
Patch pipettes were made from aluminum-silicate glass (Sutter Instru-
ments). The tip was fire-polished to resistances of 2–10 MU and covered
with Sylgard to improve the noise response. Electrodes and bath contained
the experimental solutions of potassium methanesulfonate (K-MES)
plus 1 mM EGTA, 1 mM KCl, and 10 mM HEPES (pH 7.4), and 1 mM
MgCl2 was added to the bath in the blockade experiments. Voltage
commands and current recordings were performed with an Axopatch 1D
amplifier complemented with a HIS-1 integrating head stage commanded
through a Digidata 1200B interface with pClamp 8 suite (Molecular
Devices). Current traces were Bessel-filtered to 5 kHz and acquired at
50 kHz. Individual traces were digitally refiltered to 2 kHz for analysis.
Current-voltage (i-V) relations were built by averaging groups of 20 adja-
cent leak-subtracted traces with the segmented average option of pClamp.
In general, segments added to the average were those in which the current
had amplitude > 3 standard deviations (SD) over the closed channel
current. Distinction between the two main conductance states (see Fig. 1 A)
was made by eye. Subsequent 21-adjacent-points smoothing was performed
to build the i-V plot families.All data shown in Fig. 4 A were fitted to Eq. 5 with the Solver tool in
MS-Excel by global minimization of c2. The program AJUSTE with
four-barrier, three-site (4B3S) Eyring models (kindly provided by Dr. O.
A´lvarez, Universidad de Chile) was used to fit the i-V relations (11).
Initially, identical sites and barriers were symmetrically distributed across
the membrane. To account for the rectification, the position of the central
site was allowed to vary as a fitting parameter, and the position of the
other sites and barriers in the reaction coordinate changed proportionally
to sum one.Molecular models
The molecular models of the Shaker K-channel, WT, and P475D were built
with ICM 3.4-8 software (MolSoft) using the crystallographic structure of
Kv1.2 channel as a template (PDB ID: 2A79 (12)). The 73% identity in the
sequence alignment guarantees a good model (13). The loops S1-S2, S2-S3,
and S3-S4 were built with the ROSETTA method. Molecular assemblies
were built with the VMD program (14) and embedded in a hydrated palmi-
toyl-oleyl-phosphatidyl-choline (POPC) bilayer. Kþ ions were added to
reach 200 mM, and Cl ions were added to attain electroneutrality in
a molecular system of 93  93  88 A˚3. Proximal and distal are defined
as toward the external and internal entrances, respectively.
For adaptive PB calculations, the entire model was considered, but for
MD simulations only the pore domains were taken into account.
Four molecularmodels were built to studyMg2þ interactionswith theWT
and the P475D pore. In the first two configurations (denoted Cavity in Fig. 7
A) for WTand P475D, Kþ ions were placed at s0, s2, and s4 sites. Two water
molecules were located at s1 and s3, and a single dehydratedMg
2þwas in s5.
In the ‘‘475’’ configuration for WTand P475D (Fig. 7 B), Kþ ions and water
molecules were located in the sameway as in the Cavity systems except that
the Mg2þ atom was placed near the side chain of residue 475.MD simulations
MD simulations were performed with NAMD 2.7 (15) using a CHARMM
force field and the TIP3P water model (16), with periodic boundary
conditions at constant temperature and pressure. Langevin dynamics with
a damping coefficient of 1 ps1 was used to keep temperature at 300K.
The Langevin piston method was used to maintain the pressure at 1 atm
(17). The particle-mesh Ewald (PME) method was used to compute long-
range electrostatic interactions (4). van der Waals interactions were
smoothly switched off at 12 A˚. The RATTLE algorithm was used to
constrain the covalent bonds to their equilibrium length between heavy
atoms and hydrogen. The equations of motion were integrated with the Ver-
let r-RESPA algorithm (18) with a time step of 2 fs.
After energy minimization using the conjugate-gradients method, the
system was equilibrated in the isobaric-isothermal ensemble for 1 ns, fol-
lowed by 9 ns of data collection using harmonic restraints of 0.5 kcal/
mol/ A˚2 in a-carbon atoms.Electrostatic calculations
The WT and P475D electrostatic potentials of the Kþ ions inside the pore
were calculated by solving the PB equation every 0.5 A˚ along the z axis
(17). Continuous dielectric constants of 80 and 2were assigned to the solvent
and the membraneþprotein, respectively. We defined a 257 257 193 A˚3
grid box with spacing of 0.5 A˚ and ionic strength of 110 mM. The electro-
static potential was determined with the use of APBS software (19).RESULTS
The replacement of Pro-475 by Asp in Shaker K-channels
produced a dramatic increment in both inward and outwardBiophysical Journal 103(6) 1198–1207
FIGURE 2 i-V relationships at different symmetrical [Kþ]. (A) i-V rela-
tionships. The symbols are the mean (5SE) of unsmoothed averages taken
every 10 mV (n ¼ 3 for 50–500 mM and n ¼ 2 for 1000 mM). For compar-
ison, 21-point smoothed segmented averages of the higher-conductance
open state are shown. (B) Near-zero voltage conductance as a function of
[Kþ]. Conductances were computed near zero voltage as in Fig. 1 C. The
errors were smaller than the symbols. The solid line is a nonlinear fit of
a Langmuir isotherm with half saturation at 475 6 mM Kþ and maximal
conductance of 1865 4 pS.
FIGURE 1 Single-channel currents of Shaker-P475D. (A) Leak- and
capacitance-subtracted single-channel traces elicited by voltage ramps
between 5150 mV in symmetric 100 mM K-MES. The inside-out
membrane patch was held at 90 mV and then stepped to 150 mV for
20 ms to begin with a 1 mV/ms ramp. The arrows indicate transitions
between the two most common conductance states. (B) Current-voltage
relations (i-V) constructed from unrestricted segmented averages of all
open amplitudes (thin trace; see Materials and Methods). Data correspond
to the average of open segments of at least 60 traces from the patch in A. For
comparison, WT currents measured through voltage steps are shown by
black circles. (C) Chord conductance of the trace average in B. The incre-
ment seen between 150 and 100 mV reflects the shift in dominance
between the two most important conductance states. The solid line
corresponds to a linear fit to the G-V curve in the 550 mV interval. (D)
Comparison between the average i-V restricted to the higher-conductance
state of P475D (right ordinate; continuous trace) and the WT (left ordinate;
open symbols) measured in identical ionic conditions.
1200 Moscoso et al.currents. Fig. 1 A shows leak-subtracted unitary current
traces of P475D in response to5150 mV voltage ramps re-
corded in symmetric 100 mMK-MES. Black arrows point to
transitions from a lower-conductance state that is predomi-
nant at voltages below100 mV. Fig. 1 B shows an i-V rela-
tion obtained from averages of open-channel trace segments
regardless of the conductance state (unrestricted average;
see Materials and Methods). For comparison, WT unitary
currents in identical experimental conditions are shown
(solid circles). Fig. 1 C shows a point-by-point single-
channel conductance (pA/mV) measured for the unre-
stricted average of Fig. 1 B. At voltages near 100 mV,
the conductance increased from ~120 pS at 150 mV
to ~150 pS at 80 mV. This change in conductance repre-
sents the shift in the relative contribution of the dominant
conductance states, with the low-conductance state being
rarely observed above 80 mV. A similar increment in
macroscopic conductance around 100 mV was previously
observed in whole-oocyte recordings (9).
We restricted the study to the larger-conductance state
because it should account for the maximal rate of transport
in the tested conditions. Fig. 1D shows an average restrictedBiophysical Journal 103(6) 1198–1207to the larger-conductance state. When this i-V relation is
scaled to match WT unitary currents, it is apparent that
P475D conductance increased by a constant factor regard-
less of the direction of the current. Together with the fact
that the unitary conductance near zero voltage (120 pS) is
2- to 3-fold larger than the ~45 pS maximal conductance
estimated for WT at saturating Kþ (20), this result indicates
that, unlike the charge addition to KcsA’s 108 (7), the
maximal rate of Kþ transport is increased in P475D. To
assess the extent of this increment, we probed the main
conductance state in the interval 50–1000 mM of symmet-
rical Kþ. Fig. 2 A shows the mean currents (5 standard error
(SE)) taken every 10 mVon the unsmoothed average traces.
Superimposed on the data points are 20-point smoothed
average ramp traces from the same patches. Below
300 mM Kþ, the i-V relations rectify considerably, but at
1000 mM they are nearly symmetric. The slope conductance
(measured in the530 mV interval) was plotted against [Kþ]
in Fig. 2 B. The solid line was drawn with a Langmuir
isotherm function with half saturation at 47 5 6 mM Kþ
and maximal conductance of 186 5 4 pS (n ¼ 3 patches
in each situation). The half-saturation concentration is
~1/6 of the ~300 mM for WT (20). The maximal conduc-
tance is ~4-fold larger than that of WT (20) and 1/3 of that
of BK channels (~600 pS (5)), which significantly narrows
the gap separating low- and high-conductance K-channels.Blockade by Mg2D ions is complex
The negatively charged ring increases sensitivity to Mg2þ
blockade in BK channels. However, this extra sensibility
High Ion Transport in a Shaker Single Point Mutant 1201was shown to vanish at high Kþ (6). It was suggested that the
charged ring promotes local accumulation of Mg2þ near the
pore. To test the electrostatic role of Asp-475, we examined
Mg2þ sensitivity at severalKþ concentrations. Fig. 3A shows
individual current traces elicited by 5150 mV
ramps in symmetrical 100 mM Kþ with zero or 1 mM
Mg2þ added (two traces in each condition). With 2 kHz
filtering, the Mg2þ blockade is seen as a current reduction
that is more prominent at positive voltages. Fig. 3 B shows
average i-V relations in the presence and absence of 1 mM
Mg2þ at 50–500 mM Kþ. Inhibition by Mg2þ was stronger
in low-Kþ and positive voltages. Fig. 3 C plots the slope
conductance as a function of [Kþ] in the presence of
Mg2þ. From a comparison of the Langmuir isotherm fit
(solid line) with the fit in zero Mg2þ of Fig. 2 B (dashed
line), it appears that Mg2þ decreased the apparent affinity
for Kþ with little change in the maximal conductance.
Although it is simplistic and formally incorrect, we used
a competitive equilibrium to put our data into a quantitative
framework. In the model, the channel can bind either Kþ
or Mg2þ in a mutually exclusive fashion, according to
Scheme 1:
Ch ,K)
KD½Kþ
Ch/
KB½Mg2þ
Ch ,B; (Scheme 1)FIGURE 3 Blockade by Mg2þof P475D. (A) Individual leak- and capac-
itance-subtracted single-channel traces in zero or 1 mM Mg2þ (two traces
for each condition). Recording conditions as in Fig. 1. (B) i-V relations with
1 mM Mg2þ (asterisk) or no added Mg2þ in the indicated symmetric [Kþ].
In 50 mMKþ, blockade is slightly voltage dependent, whereas at 500 mM it
occurs mostly at positive voltages. (C) Zero-voltage conductance as a func-
tion of the [Kþ] measured in the presence of 1 mM Mg2þ. Conductances
(5 SE, n ¼ 3) were computed as in Fig. 1 C. The solid line is a nonlinear
fit of a Langmuir isotherm with half saturation at 283 5 58 mM and
maximum conductance of 201 5 16 pS. The fit in the absence of Mg2þ
in Fig. 2 is shown for comparison (dashed line).where Ch is the empty channel and Ch$B is blocked by one
Mg2þ (both nonconducting), and Ch$K has a Kþ ion and is
conductive. KD and KB are the dissociation constants for K
þ
and Mg2þ, respectively. In this scheme, the apparent KDapp
grows linearly with [Mg2þ] according to
KDapp ¼ KD

1þ ½Mg
2þ
KB

: (1)
Fig. 3 C shows that the [Kþ] required to attain 50% of the
maximal conductance grew ~6-fold while the maximal
conductance changed by <7%. According to Eq. 1, this
growth implies that KB ~ 0.2 mM. Thus, unlike the BK chan-
nels in which the negatively charged ring increases Mg2þ
sensitivity by only threefold, P475D sensitivity was >100-
fold higher than that published for WT (20,21).
The voltage dependence of the Mg2þ blockade showed
a complex dependence on [Kþ]. At 50 mM Kþ, Mg2þ inhi-
bition was similar at any voltage (Fig. 3 B), whereas at
[Kþ] ¼ 500 mM, Mg2þ blocked mostly at positive voltages.
The unblocked fraction of the current (i/io; from segmented
averages of three patches in each situation) showed a steeper
voltage dependency at higher [Kþ] (Fig. 4 A). Also, the
trace for 50 mM Kþ intersected at positive voltages with
those of 100 and 300 mM Kþ, i.e., at voltages >100 mV,
inhibition was weaker at 50 mM Kþ than at 100 mM Kþ.
This inconsistency with Scheme 1 is discussed further
below.
We used the Woodhull formalism (22) to describe Mg2þ
inhibition. In this model, an electrically charged blocking
particle binds to a site within the electric field. The bindingFIGURE 4 Analysis of the inhibition by Mg2þof P475D. (A) Fractional
unblocked current as a function of voltage; i/io ratios are the point-to-point
quotient between the traces in the presence of Mg2þ and their respective
traces in the absence of Mg2þ. Solid lines are fits to Eq. 2 with parameters
KBapp, the inhibition constant at zero voltage, and zdapp, the effective
valence of the blockade. (B) KBapp versus [K
þ]. The continuous line is
the linear fit to Eq. 3 for competitive inhibition with KB ¼ 0.25 5
0.24 mM and KK ¼ 46.7 5 4.5 mM. (C) zdapp increases between 50 and
300 mM Kþ, but stabilizes near 0.38 at 1000 mM Kþ. The solid lines
have no theoretical meaning.
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FIGURE 5 Raising the internal ionic strength reduces P475D currents
asymmetrically. (A) Traces recorded in the presence of 50 mM KMES
(plus 1 mMMgCl2) external solution and 100 mM KMES internal solution.
The thin trace was obtained with 100 mM sucrose added to the bath, and the
thick trace was obtained with 50 mM NMDG-MES added to the bath. (B)
Quotient trace between the higher- and lower-ionic-strength traces shows
that the ionic strength reduced outward currents only. We obtained similar
results in two other patches.
1202 Moscoso et al.energy changes with the applied voltage proportional to
zdapp, the effective valence. The unblocked ratio is
i=i0 ¼
"
1þ ½Mg
2þ
KBappe
zdappFV
RT
#1
; (2)
where KBapp is the apparent Mg
2þ dissociation constant at
zero voltage, and F, R, and T have their usual meanings.
The continuous lines in Fig. 4 A are fits of Eq. 2 to each
data family. Fig. 4, B and C, summarize the fitting parame-
ters to the data in Fig. 4 A. Consistent with Scheme 1, KBapp
increases linearly with [Kþ] (Fig. 4 B), according to
KBapp ¼ KB

1þ ½K
þ
KD

; (3)
where KB is the Mg
2þ dissociation constant at [Kþ]¼0. The
linear fit to these data gives KB ¼ 0.25 5 0.24 mM and
KD ¼ 46.7 5 4.5 mM. Both results were similar to the KB
obtained from Fig. 3 C and K from the data in Fig. 2 B.
The agreement with Scheme 1 is somehow expected,
provided that KB, K, and the conductances plotted in Figs.
2 B and 3 C are near-zero voltage estimates. On the other
hand, zdapp increased with K
þ, showing saturation near
500 mM (Fig. 4 C). This result could be expected if Kþ
and Mg2þ bind simultaneously in the pore in a single-file
diffusion regime (23,24) (see Discussion).Charge screening
The Asp-475 side chains may cast a local negative electro-
static potential near the internal entrance, accumulating
Mg2þ and Kþ ions. This buildup is proportionally smaller
at higher ionic strength because the cation excess screens
the attracting potential. Because divalent ions are more
potent screeners than monovalents (25,26), Mg2þ would
antagonize Kþ accumulation at the internal entrance at
lower [Kþ].
Although an expected outcome of internal surface charge
screening would be a reduction of outward currents because
of a decrease in the local [Kþ] at the internal entrance,
reduction of both inward and outward currents has been
observed in BK-channels after removal or screening of
surface charges (27). Also, external charge screening
decreases outward currents in Naþ channels (26). Thus, if
in addition to channel blockade, internal Mg2þ produced
a nonspecific symmetric (or inward only) current reduction
at low Kþ, it would lead to an artifactually small zdapp. To
test for such an effect, we added either 50 mM NMDG-
MES or 100 mM sucrose (control) to a bath solution that
already contained 50 mM Kþ and 1 mM Mg2þ (Fig. 5 A).
Raising the internal ionic strength reduced only outward
currents. The quotient iNMDG/iControl along the voltage axis
(Fig. 5 B) showed a constant 50% current reduction atBiophysical Journal 103(6) 1198–1207Vm > 50 mV, which is inconsistent with a voltage-depen-
dent blockade by NMDG. Because only outward currents
are reduced, it is also inconsistent with a voltage-indepen-
dent blockade. Thus, inner charge screening promotes
outward current reduction, possibly by reducing the avail-
ability of internal Kþ. In fact, the change in regime observed
around Vm ¼ 0 would lead to an overestimation of the
Mg2þ inhibition voltage dependence. Thus, we propose
that Mg2þ blockade at 50 mM Kþ is truly weakly voltage
dependent.Molecular simulations of KD in the pore
Structural and functional data show that residue Glu-92 in
MthK increases local Kþ density at the internal entrance,
bidirectional ion permeation, and blockade by intracellular
divalent cations (8). Because Shaker’s Asp-475, which
aligns with Glu-92, could be acting alike, we used MD to
gain insight into the molecular role of Asp-475 on Kþ and
Mg2þ binding in the pore.
We built structures for the open WT and P475D by com-
parative modeling with Kv1.2 (12). They were embedded
in a hydrated POPC bilayer and Kþ ions were added to reach
200 mM, and enough Cl ions were included to attain elec-
troneutrality (see Materials and Methods). To test the pore
occupancy, Kþ densities were calculated every 0.5 A˚ along
a 5 A˚ radius cylinder concentric with the pore (Fig. 6 A).
Fig. 6, B and C, compare the Kþ density along the pore aver-
aged for the last 9 ns of simulation. Calculations yielded
similar ion densities at the selectivity filter but differed
greatly toward the internal entrance. In contrast to WT,
P475D showed two distal peaks suggesting discrete binding
sites at z ~ 16 and z ~ 22 A˚ (Fig. 6 C). This higher ion
density is clearly associated with the Asp-475 side chains
and coincides with a distal binding site seen in MthK and
KvAP channels (8,28). Both sites are occupied simulta-
neously during 8.2 of the last 9 ns of simulation, indicating
that the four Asp side chains can either stably bind one Kþ
or simultaneously bind two Kþ ions. This dual binding
FIGURE 6 Modeled structure of the Shaker pore
and Kþ occupancy. (A) A snapshot of the P475D
pore domain (residues 392–489) taken at ~8 ns
simulation time. Protein is shown in purple ribbons,
Kþ in green spheres, lipids in sticks, and Asp-475
in CPK. The front and back subunits were removed
for clarity. The discontinuous lines schematize the
5 A˚-radius pore-concentric cylinder in which
time-averaged ion densities were calculated. The
approximate locations of Kþ-binding sites are
indicated by the arrows. Sites s5, s6, and s7 refer to
positions aligning at z ~ 7 A˚, z ~ 16 A˚, and z ~
22 A˚, respectively. (B and C) Kþ density plot
along the pore of WT and P475D, respectively.
Plotted is the 10 ns time averaged ion density rela-
tive to the bulk density (110 mM Kþ) for a volume
defined by every 0.5 A˚ slice along the 5 A˚-radius
cylinder. Insets: Representative pictures of distal
occupancy of the pore.
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calcium channel permeation (29).Molecular simulations of KD and Mg2D in the pore
Because Mg2þ experiments were performed in 1 mM only,
the simulations started with a single dehydrated Mg2þ ion
placed at different positions along the pore. Preliminary
tests beginning with Mg2þ at the selectivity filter showed
that this cation is equally competent to block both channel
variants (not shown), but they were excluded from the
analysis for two reasons: 1), although alkaline earth metals
such as Ba2þ bind within the selectivity filter of KcsA,
Mg2þ does not (30–32); and 2), Mg2þ hydration energy is
so much greater than that of Kþ (440 vs. 71 kcal/mol
(33)) that these simulations seem unrealistic.
We began the simulations by testing Mg2þ binding near
the s5 cavity site (denoted as Cavity in Fig. 7 A). Shownare snapshots of WT and P475D taken at ~10 ns into the
simulation. Mg2þ behavior was similar in both variants: it
was surrounded by six water molecules within the first
400 fs and remained near s5 (the main peak near
z ¼ 7 A˚). Mg2þ formed hydrogen bonds with Thr-441
and other cavity residues through its second solvation shell.
On the other hand, Kþ accumulated near Asp-475 in the
mutant but not in WT. In the other set of simulations,
Mg2þ was placed near residue 475 at s6 (denoted as 475
in Fig. 7 B). In the WT simulation, Mg2þ again became
quickly hydrated and migrated toward the center of the
cavity within the first 0.5 ns, ending near s5, as in the Cavity
simulations. In contrast, in the P475D simulation, Mg2þ re-
mained near the Asp-475 side chains and was flanked ~65%
of the time by a Kþ in the more-distal position of this dual
Kþ-binding site. Because Mg2þ is often bound to carboxyl
side chains in proteins (34), its permanence near Asp-475
is not surprising. However, the rather surprising proximityFIGURE 7 Modeled occupancy by Mg2þ and
Kþ in P475D. Snapshots of the ions taken at
~10 ns into the simulations (left) and average ion
density plots (right). (A) Simulations beginning
with the single dehydrated Mg2þ placed near the
cavity site (Cavity). The divalent quickly acquired
a fixed octahedral shell with six water molecules
(33), and remained in the cavity in both simula-
tions. The density plots were calculated as in
Fig. 6. (B) Simulations beginning with the Mg2þ
ion placed in the vicinity of the 475 side chain
(475). Lipids, water molecules, and front and
back subunits are not shown. Green and yellow
spheres are Kþ and Mg2þ, respectively. The Kþ
density is relative to the bulk concentration (cyan
distributions), whereas Mg2þ density (pink) is
arbitrary because a single Mg2þ ion was used in
the simulation.
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FIGURE 8 Electrostatic potential at the Shaker pore. (A) To solve the PB
equation, a dielectric constant of 80 was considered for the aqueous phase
(zone I) and 2 for the protein and lipids (zone II). Asp-475 is represented in
CPK space-filling mode. (B) Electrostatic potential, kT/eo, sensed by
a charged probe along the pore axis (dashed and solid lines are WT and
P475D, respectively). Within z ¼ 13 A˚ and z ¼ 1A˚, the calculations
are omitted. The thick black circles describe the difference in electrostatic
potential betweenWTand P475D. (C andD) Electrostatic potential maps in
pseudo colors for the WT and P475D structures, respectively. Blue is posi-
tive potential (>10 mV) and red is negative (<10 mV). The a-carbon
trace of the protein is shown as reference. The calculated plane cuts through
the bilayer, the pore, and the water-filled vestibules.
1204 Moscoso et al.with a Kþ ion again resembles the Ca-channel one-site dual
cation-binding model (29). The profile of water and protein
proximity to the Mg2þ ion observed with the radial distribu-
tion function (RDF; see Fig. S1) indicated that Mg2þ only
interacted with protein and ions through its second hydra-
tion shell. Thus, the dual Mg2þ hydration shell may
contribute to attenuate the repulsive Mg2þ-Kþ interactions.
In addition, the overall electronegative potential originated
by the four Asp-475 side chains may stabilize Mg2þ-Kþ
as it does Kþ-Kþ, as shown in Fig. 6 C.
We cannot argue for an increased Mg2þ affinity in P475D
because these tests had only a single Mg2þ ion in the pore;
however, they did show Mg2þ cohabitating with distal Kþ
ions that could occlude Mg2þ exit in a single-file diffusion
regime (see Discussion).
Electrostatic potential calculations
The negative electrostatic potential shaped by Asp-475 side
chains could produce the increased pore occupancy and
conductance in the P475D channel. To test this potential,
we solved the PB equation numerically along the pore
axis, as depicted in Fig. 8 A. Fig. 8 B shows that the potential
is up to 10 kT/e units more negative along the pore of P475D
(near z¼18 A˚). The electrostatic potential maps (Fig. 8, C
and D) show that P475D’s cavity is considerably more
negative (red) than that of the WT. Thus, as in the MthK
channel, Asp-475 may be acting as an electrostatic trap
for cations (8), increasing pore occupancy and increasing
conductance by lowering the energy profile along the pore
(see Discussion).DISCUSSION
On the increased conductance of P475D
P475D presents a unique opportunity to approach the
problem of the diversity in single-channel Kþ conductance
because it is a single-point mutation that is far from the
selectivity filter and produces a large effect. We acknowl-
edge that this variant presents important abnormalities
such as subconductance states and a severed electromechan-
ical coupling to the voltage sensor (9). Furthermore, the
Pro/Asp mutation could alter the S6 helical structure,
making the internal vestibule wider or shorter. Structural
tests for this Shaker mutant are lacking, but our MD simu-
lations and, as discussed below, the complexity of Mg2þ
blockade strongly argue for an inner vestibule that is narrow
and long enough to host Mg2þ and Kþ simultaneously in
a single-file diffusion regime.
Similarly to the WT, P475D showed moderate inward
rectification at 100 mM Kþ (Fig. 1 C). Also as in the native
channel, this rectification disappeared at higher Kþ concen-
trations (20). This suggests that the symmetry of the trans-
port system (or lack thereof) was preserved in the mutant
channel. In addition, Shaker’s Asp-475 not only alignsBiophysical Journal 103(6) 1198–1207with MthK’s Glu-92, it also, as Glu-92, considerably raises
the conductance and sensitivity to divalent cations (8). Thus,
the mechanism that produces higher conductance in this
mutant may not be an uncommon feature in K-channels,
and thus may help us understand the basis of ion conduction
in Kþ channels in general.
P475D showed a maximal conductance of ~200 pS at
saturating Kþ (Fig. 2), which was 4- to 5-fold greater than
that of the WT. The increase in the maximal rate of transport
can be visualized as a reduction of the energy barriers Kþ
needs to cross during permeation. In fact, in an Eyring
model, the transport rate increment stems from a reduction
in the difference between the highest-energy barrier and
the lowest-energy well (11,26). A membrane-symmetric
Eyring model that contains four equidistant and identical
energy barriers, and three identical wells, and allows
multiple occupancy (11) predicts the observed increase in
maximal conductance and affinity by lowering the overall
energy profile across the pore (the barrier heights and well
depths are respectively ~2 and ~0.7 kT units lower in
P475D; see Fig. S2 C). However, the observed rectification
in low Kþ could not be reproduced by these symmetric
barrier models, and thus to obtain a better description of
the i-V relation, we introduced asymmetric energy profiles.
We attained the asymmetry by moving the central energy
High Ion Transport in a Shaker Single Point Mutant 1205well off center and keeping the relative proportional
distances toward each extreme of the reaction coordinate
(see details in the legend to Fig. S3). This maneuver was
enough to describe both the rectifying i-V relations seen
in low Kþ and the near-symmetric relation in high Kþ of
the WT reported by Heginbotham and MacKinnon (20)
(Fig. S3 B). Nevertheless, rectification in P475D required
additional sources of asymmetry. Increasing the depth of
the distal energy well by 0.9 kT units could reasonably
describe Kþ conduction in this mutant. Again, the differ-
ences between the highest barriers and well depths are ~2
and ~0.7 kT units, respectively. The PB calculations point
to a reduction of 3–10 kT units in the electrostatic profile
along the pore (Fig. 8 B). Thus, the larger conductance could
arise from a negative shift of electrostatic energy along the
pore affecting the energy barriers more. Although we do not
have a molecular explanation for the differential effect of
the charge at 475D on the energy wells and barriers, a similar
mechanism may contribute to higher conductance in MthK.
However, the facts that the maximal conductance at satu-
rating Kþ in BK channels is three times higher than that
of P475D (35), and the charged rings at residues 321 and
324 of mSlo1 act only to increase local cationic concentra-
tion (5,6) suggest distinct peculiarities among channel pore
structures.FIGURE 9 Single-file regime for Mg2þ blockade of P475D. (A) Sche-
matic representation of the single-file blockade scheme. Open and solid
circles are Kþ and Mg2þ ions, respectively. Equilibrium constants are
described in the text. (B) Current inhibition as a function of the voltage
at several Kþ concentrations. The curves were drawn with the parameters
obtained from a global fit of Eq. 5 to all data in Fig. 4 A (see Materials
and Methods). Parameters used: KKK ¼ 43 mM; KK ¼ 197 mM; KB ¼
0.56 mM; Ki ¼ 0.00019; and KBK ¼ 0.02 mM with zd ¼ 0.4.Mg2D blockade
The WT is fairly insensitive to blockade by Mg2þ (20,21).
As in MthK, the presence of charged side chains at
the internal entrance dramatically enhances blockade in
P475D (8).
The nearly voltage-independent Mg2þ blockade at low
Kþ (Figs. 3 and 4) may represent Mg2þ binding to a distal
site in the pore (Fig. 4 A). The increment of the effective
valence seen at higher Kþ concentrations could be explained
in the single-file diffusion frame if one additional Kþ binds
more distally than Mg2þ. At low Kþ, this distal site is
mostly empty, and Mg2þ can return freely to the internal
solution in a voltage-independent manner. At higher [Kþ],
the increased occupancy of the distal site by Kþ obstructs
Mg2þ exit toward the internal face. This effect mirrors the
internal lock-in effect described previously for BK, KcsA,
and Shaker channels (24,30,36). Our molecular simulations
also show that Mg2þ can bind in two places—the cavity
(or s5) and one of the inner sites (s6; Fig. 7)—and in both
configurations Mg2þ can be locked by a distally bound Kþ.
We draw a simplistic phenomenological kinetic scheme
(Scheme 1) in which internal Mg2þ reaches a site in the
middle of the pore in two steps: Mg2þ binds first to the distal
site, forming Ch$OB with dissociation constant KB. There it
can unbind to the cytosolic face, becoming channel-conduc-
tive again, or move to the middle site (Ch$BO) with disso-
ciation constant Ki. When a K
þ binds to the distal site
(Ch$BK) with dissociation constant KBK, it occludesMg2þ exit. Fig. 9 A shows a four-site scheme depicting
the three blocked states in addition to three unblocked Kþ
occupied states. The channel always has at least two Kþ
ions in the pore, even when the inner and distal sites are
empty (Ch$OO). The sites can be filled rapidly with one
(Ch$KO) or two Kþ ions (Ch$KK) with dissociation
constants KK and KKK, respectively. Because blockade is
voltage independent at low Kþ, we chose Ki to be voltage
independent, with all voltage dependence residing in KBK.
Thus,
KBKðVÞ ¼ KBKoe zdVFRT ; (4)
where KBKo is KBK at zero voltage, zd is the effective
valence, and V, F, R, and T have their usual meanings. We
do not pretend to explain the origin of the Kþ-coupled
voltage dependence as shown previously (37); rather, here
we use such voltage sensitivity solely as an indication of
single-file diffusion.
According to the scheme shown in Fig. 9 A, if [B] is
the Mg2þ concentration, the fraction of unblocked channels
(i/io) is
i=io ¼
1þ ½K
þ
KK
þ ½K
þ2
KKKKK
1þ ½K
þ
KK
þ ½K
þ2
KKKKK
þ ½B
KB
þ Ki½B
KB
þ Ki½B½K
þ
KBKBK
: (5)Biophysical Journal 103(6) 1198–1207
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50–1000 mM Kþ (see Materials and Methods). Fig. 9 B
shows the curves generated with the fit parameters evaluated
for 10–3000 mM Kþ. The scheme reproduces the salient
features of Mg2þ blockade: the steepness of the i/io-V rela-
tion increases with Kþ, and the traces for 50, 100, and
300 mM Kþ intersect at positive voltages.
The resultingKiwas very small, indicating that the middle
binding site has low affinity, consistent with a weak Mg2þ
binding to the inner site in WT also (see legend to Fig. 9).
In addition, in P475D the lock-in site is present, accounting
for the apparent increased affinity at higher voltages and
Kþ. As predicted for a single-site competitive model, the
apparent KB increases linearly with [K
þ] (Fig. 4 B). We
tested other kinetic schemes with dual binding of Mg2þ
with a voltage-dependent binding to either or both sites,
but none of them could reproduce the Kþ dependence of
the effective valence. The assumption that Kþ locks Mg2þ
in single-file diffusion in the pore was critical.Mg2D binding and pore dimensions
With a 0.6 A˚ ionic radius instead of 1.35 A˚ for Ba2þ, we
would expect that a naked Mg2þ would not fit as snugly
as Ba2þ in the selectivity filter. Also, the dehydration energy
for Mg2þ is ~300 kcal/mol larger than that of Kþ. Thus, the
binding of a naked Mg2þ to the selectivity filter is very
unlikely (30,31). To account for the lock-in effect, we prefer
the idea that a hydrated Mg2þ resides in the cavity. The
lock-in effect in P475D is attained simply by Kþ binding
to the distal site, locking Mg2þ in the pore as shown in
Fig. 7, A and B. If Mg2þ carries two hydration layers (see
Fig. S1) and Kþ carries eight to 12 water molecules, fulfill-
ment of the single-file diffusion regime implies that the
P475D pore is not wide enough to harbor one hydrated
Mg2þ and one Kþ across. Thus, the pore diameter should
be <18–20 A˚, in agreement with estimates for BK channels
(35) and validating our molecular models.SUPPORTING MATERIAL
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